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INTRODUCTION
This is a unique time in our quest to understand neutrinos and the role they play in particle physics and cosmology. Whereas just over a decade ago it was commonly accepted that neutrinos were massless particles, a number of key experiments have shown that concept was false. Measurements accumulated from solar [1, 2, 3, 4, 5, 6] , atmospheric [7] , and reactor [8, 9] experiments positively confirm that the phenomena of flavor oscillations, as proposed by Maki, Nakagawa, and Sakata [10] and Pontecorvo [11] , is indeed correct. Data taken from experiments spanning over four decades now provide a simple, consistent framework whereby neutrinos oscillate from one flavor to the other and, as a consequence, possess a small yet finite mass.
Current experiments have achieved significant precision such that the mass splittings and mixings (in particular for the solar and atmospheric sectors) are now known to better than a few percent. However, because neutrino oscillation experiments are only sensitive to differences in neutrino mass, they cannot determine their overall scale. Nevertheless, results from oscillation experiments do provide a lower bound on the absolute neutrino mass scale. Previous tritium beta decay experiments also place an upper bound on the neutrino mass scale to less than 2.3 eV [12, 13] . Cosmological investigations can provide complimentary methods to determine the neutrino mass scale. Here, the sum of all neutrino mass eigenstates is measured. Recent surveys place an upper limit of ≤ 0.62 eV/c 2 on the sum of neutrino masses (at 95% C.L.) [14] .
THE KATRIN EXPERIMENT
The KArlsruhe TRItium Neutrino (KATRIN) experiment is the next generation tritium beta decay experiment with sub-eV sensitivity to make a direct, model independent measurement of the mass of the neutrino [15] . The principle of the experiment is to look for a distortion near the endpoint of the electron spectrum of tritium β -decay. The shape of the electron energy spectrum of tritium beta decay is determined by well understood or measurable quantities. Any deviation from this shape would be directly attributable to neutrino mass and would allow a direct determination of the neutrino mass:
where m ν is the effective electron neutrino mass, U ei is the element of the neutrino mixing matrix, and m ν,i is the mass of the ith neutrino eigenstate. After three years of running, KATRIN will be able to achieve a sensitivity of m(ν) < 200 meV (at 90% C.L.). This level represents over two orders of magnitude improvement on m 2 ν and an order of magnitude improvement on the absolute neutrino mass scale.
The KATRIN experiment is based on technology developed by the Mainz [12] and Troitsk [13] experiments. These experiments used the MAC-E-Filter (Magnetic Adiabatic Collimation combined with an Electrostatic filter) technique to achieve high acceptance and high resolution. The decay electrons pass through a large vacuum vessel, traveling along the field lines between two superconducting magnets placed at the ends of the vacuum vessel. At the same time they are energy-selected by making them climb an electrostatic retarding potential. Adjusting this potential selects which electrons pass through the spectrometer and into the detector.
KATRIN will use the windowless gaseous tritium source technique (as used by Los Alamos [16] ). Decay electrons from the source pass through a 10-meter long differential and cryogenic pumping subsection guided by superconducting magnets. The purpose of the differential pumping system is to prevent gas from entering the spectrometer system, which would degrade resolution and raise background by contaminating the system with tritium. The beta decay electrons then enter the pre-spectrometer. This is a filter that rejects all but the last 100 eV of the beta decay spectrum, thereby reducing the event rate and focusing on the region of interest. Electrons with energy greater than 18.47 keV then enter the main spectrometer. At 24 meters long, by 10 meters diameter, with a vacuum of 10 −11 mbar, this vessel is a major engineering challenge. Approximately 6 mHz of the 10 kHz flux of electrons entering the spectrometer exit, representing 1 in 10 13 of the original f! lux of beta decay electrons from the source (for the last 1 eV below the tritium endpoint). The decay electrons exiting the main spectrometer are finally imaged onto a silicon PIN diode array using superconducting magnets operated at 3.6 and 6 T. In order to reduce backgrounds from cosmic rays and natural radioactivity, the detector is surrounded by a cylinder of inert material and an active veto. The electrons counted in the detector array comprise the signal needed to reconstruct the beta-decay spectrum. At the time of this writing, a substantial portion of these elements have been constructed and are being commissioned. Such elements include the differential pumping region, the pre-and main spectrometer vessel and surrounding air coils, and the detector region.
Tritium beta decay experiments have in most cases reached limits set by systematic, rather than statistical, uncertainties. In order for KATRIN to advance another order of magnitude in mass sensitivity the systematic effects must be well understood. A great deal of both experimental and theoretical effort has been expended over the past 5 years to achieve the necessary level of assurance. A major favorable aspect for a very large-scale experiment like KATRIN is that once the experiment becomes statistically powerful enough, it becomes possible to concentrate the data-taking in the last 10 eV of the spectrum. This region is completely free of both inelastic scattering excitations and electronic final-state structure. The complexity of those effects was a significant contribution to the systematic effects in previous experiments but will now be all but eliminated. The projected systematic uncertainty is approximately 0.017 eV 2 on m 2 ν . Other techniques to extract neutrino masses from beta decay spectra are also beginning to emerge. They include calorimetric measurements using bolometers (MARE) [17] and radio-frequency measurements of electron cyclotron emission (Project 8) [18] . These techniques are currently under development.
SUMMARY
Neutrinos have consistently given us plenty of surprises that challenged our notions of the fundamental laws of particle and nuclear physics. Over the last ten years, experiments have culminated in resolving the question whether neutrinos have mass and, in doing so, set the stage for the next series of questions for new experiments to answer. The KATRIN experiment can measure the absolute mass scale at the sub-eV level and, in doing so, uniquely address questions with regard to the nature of neutrino masses.
